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Abstract. During moderate magnetic storms, an electron
channel (300–1100 keV) of the NOAA satellite has shown
sudden electron flux enhancements in the inner radiation belt.
After examinating the possibility of contamination by differ-
ent energetic particles, we conclude that these electron flux
enhancements are reliable enough to be considered as natural
phenomena, at least for the cases of small to moderate mag-
netic storms. Here, we define small and moderate storms to
be those in which the minimum Dst ranges between−30 and
−100 nT. The electron flux enhancements appear with over
one order of magnitude at L∼2 during these storms. The en-
hancement is not accompanied by any transport of electron
flux from the outer belt. Statistical analysis shows that these
phenomena have a duration of approximately 1 day during
the period, starting with the main phase to the early recovery
phase of the storms. The flux enhancement shows a dawn-
dusk asymmetry; the amount of increased flux is larger in
the dusk side. We suggest that this phenomenon could not be
caused by the radial diffusion but would be due to pitch-angle
scattering at the magnetic equator. The inner belt is not in a
stationary state, as was previously believed, but is variable in
response to the magnetic activity.
Keywords. Magnetospheric physics (Energetic particles,
precipitating; Energetic particles, trapped; Storms and sub-
storms)
1 Introduction
The variability of energetic particles in the Earth’s radiation
belts has been studied in order to understand particle accel-
eration and loss processes and their relationship to magne-
tospheric disturbances (see the review for electron radiation
belts by Friedel et al., 2002, and the references therein). It
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is also important from the perspective of space weather to
realize and predict the flux variation of the trapped particles.
Several processes for electron acceleration have been pro-
posed to account for the dynamical flux variations in accor-
dance with magnetospheric disturbances. Radial diffusion
has been discussed from the standpoint of an external source
(e.g. Schultz and Lanzerotti, 1974). Some mechanisms per-
taining to the internal source mechanisms have also been dis-
cussed. In particular, the wave-particle interaction process is
regarded as a plausible acceleration process during the ge-
omagnetically disturbed periods (e.g. Meredith et al., 2002;
Miyoshi et al., 2003, 2007; Horne et al., 2005).
Compared to the outer radiation belt, the inner belt has
been believed to be a region where energetic electrons ex-
hibit little temporal variability, except when an extremely
huge magnetic storm impacts the distribution of the inner
belt electrons (e.g. Gusev et al., 1995; Baker et al., 2004).
Only a few reports have been presented that demonstrate the
response of high energy electrons in the inner region to a
magnetic storm (Kikuchi and Evans, 1989; Morioka et al.,
2001; Miyoshi et al., 2002). By using data from the NOAA
satellite, Kikuchi and Evans (1989) showed that a >30-keV
electron flux at the lower L (∼1.3) exhibited a sudden en-
hancement during a magnetic storm. Morioka et al. (2001)
and Miyoshi et al. (2002) also reported that a 300-keV elec-
tron flux enhancement in the inner belt (L∼2) was synchro-
nized with the onset of the outer belt electron decrease during
some magnetic storms.
A polar orbiting low-altitude satellite such as NOAA is
appropriate for observing flux distributions and their dynam-
ics over a wide range of L with high time resolution because
it permits a detailed comparison between the outer and in-
ner radiation belts within time scales of the development of
storms. In this paper, we investigate the variability of the
electron flux in the inner belt and its relation to magnetic
storms.
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Fig. 1. L-t diagram for a 300-keV electron flux derived from the 90◦
sensor (a), and after subtraction of the count rates of the 0◦ sensor
from that of the 90◦ sensor (b). (c) The Kp index. (d) The Dst
index.
2 Observations
To investigate variations of energetic particle flux in the inner
belt, we used data from the NOAA 10 and NOAA 12 satel-
lites that were in a Sun-synchronous polar orbit with an incli-
nation of 98◦ and an altitude of about 800 km. The orbital pe-
riod was about 102 min. The local times of the ascending and
descending phases of the satellites were 19.5 h (dusk side)
and 7.5 h (dawn side), respectively. The Medium Energy Pro-
ton Electron Detector (MEPED) on board the NOAA satel-
lites measured the electron counts in three energy channels
(E1: 30–1100, E2: 100–1100, and E3: 300–1100 keV), pro-
ton counts in five energy channels (P1: 30–80, P2: 80–250,
P3: 250–800, P4: 800–2500, and P5: >2500 keV), and one
omnidirectional channel (P6: >16 MeV). It is well known
that the P6 channel also detects >1 MeV electrons (Miyoshi
et al., 2004). The MEPED is made up of two sensors; one
called the 0◦ sensor, which views radially outward along the
vector from the Earth to the satellite, and the other called the
90◦ sensor, which views in a direction perpendicular to the
0◦ sensor. The details of the MEPED are described in Raben
et al. (1995). In the present study, we made use of the data
during the period from 1989 to 1998. Taking into account the
flux variation caused by the offset of the terrestrial magnetic
field, we restricted the data to a geographic longitude rang-
ing from 180◦ to 280◦ in the Northern Hemisphere, and from
180◦ to 250◦ in the Southern Hemisphere. The electrons of
the 90◦ sensor are in the drift loss cone (Blake et al., 2001).
3 Results and discussion
3.1 The inner electron flux enhancement event
Figure 1a shows the 2-h-averaged flux of energetic elec-
trons in the channel of 300–1100 keV, plotted in the L-t di-
agram, during the period from the 210 to 238 days of 1993.
Figures 1c and d present the Kp and Dst indices, respec-
tively. There were two moderate magnetic storms during
this period, whose minimum Dst indices were greater than
−100 nT.
In Fig. 1, the electron channel showed rapid flux enhance-
ments in the inner belt (2<L<2.5) during the main phase of
the magnetic storms (DOY 217 and 228). The most signif-
icant point is that the electron flux at L=2 (the inner belt)
increased by more than one order of magnitude during the
main phase before the flux increase in the outer belt. The
peak of the inner zone depends on data selection. An elec-
tron flux peak L<2 (Lyons et al., 1972) is observed in the
South Atlantic Anomaly (SAA), where many particles can
precipitate deeply into the atmosphere due to a lower mirror
point. However, we did not select this region, and restricted
the data for geographic longitude ranging from 180◦ to 280◦
in the Northern Hemisphere and from 180◦ to 250◦ in the
Southern Hemisphere. Therefore, the peak of the inner belt
can be seen around L=2 in the present data set. The dura-
tion of the inner belt enhancement was about 1–1.5 days. It
should be noted that the inner belt enhancement was sep-
arated from the outer belt by the distinct slot region. These
inner belt flux enhancements were mostly found during mod-
erate intensity storms. Although intense enhancements also
occurred during great storms (<−100 nT), it is difficult to
distinguish the flux enhancement in the inner belt from the
violent injection from the outer belt. Hence, we concentrated
only on moderate storms in this study.
3.2 Examination of the possibility of contamination
The example shown in Fig. 1a has clearly demonstrated the
flux enhancement of energetic electrons in the inner radiation
belt during moderate magnetic storms. Before investigations
of this phenomena, it should be examined whether the de-
tected flux enhancement in the E3 channel of MEPED really
does result from electrons of 300–1100 keV or is it a result of
an apparent enhancement due to the contamination by differ-
ent energetic particles. The E3 (300–1100 keV) channel has
some response to energetic protons having energies of 440–
2700 keV and >90 MeV, and to electrons having energies of
>6 MeV (Evans and Greer, 2000). In addition to these pos-
sible sources of contamination, it should also be mentioned
that the count rate of the E3 channel may become uncertain
when the P1 (30–80 keV) channel has count rates that are
similar to the E3 channel.
Figure 2 shows the variation in the count rate (top) and
the L value (bottom) corresponding to the DOY 217 storm in
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Figure 2 (Tadokoro et al.)
Fig. 2. Variation of the count rates at various channels at the
DOY 217 storm. The red, green, blue, and black lines show the
count rates of the E3, P1, P3+P4+P5, and P6 channels, respectively.
The bottom panel indicates the variation of L.
Fig. 1. The red, green, blue, and black lines indicate count
rates of E3, P1, P3+P4+P5, and P6, respectively. It can be
seen that the E3 count rates increased around L=2. At the
same time, the count rates obtained from P1 were found to be
about one-tenth. In addition, the trend in variations of E3 and
P1 was completely different. Thus, we conclude that proton
flux from P1 of 30–80 keV did not contribute to the corre-
sponding flux enhancement in E3 for this case. Regarding the
possibility of proton contamination (440–2700 keV), we can
examine the possibility by estimating the sum of the P3, P4,
and P5 count rates. The count rates were virtually zero dur-
ing the enhancement of E3. Therefore, we conclude that the
300-keV electron flux enhancement is not due to the contam-
ination from protons (440–2700 keV). Finally, the variation
of the P6 count rates provides a rough estimation of the pos-
sible contamination by >90 MeV protons and >6 MeV elec-
trons (Evans and Greer, 2000). It can be seen that the count
rates of the P6 channel were almost zero around L=2. Thus,
we can exclude the possibility of contamination by >90 MeV
protons and >6 MeV electrons.
Besides the above discussion, we defined the precipitat-
ing electron flux by subtracting counts of the 0◦ sensor from
those of the 90◦ sensor. Figure 1b shows the variation of
electron flux (300 keV) extracted the 0◦ sensor from the 90◦
sensor. The white color indicates the area where the electron
flux from the 0◦ sensor was greater than that from the 90◦
sensor. Assuming a uniform angular distribution of contam-
ination, it is natural to consider that the contamination of the
90◦ sensor should be equal to that of the 0◦ sensor. If the E3
channel contains the contamination, the 90◦ and 0◦ sensors
comprise true count rates from each sensor and equal con-
tamination, respectively. Thus, the electron flux in Fig. 1b
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Fig. 3. Electron energy spectrum during the initial phase (spec-
trum 1), the main phase (spectrum 2), and the recovery phase (spec-
trum 3, 4) of the DOY 217 storm.
flux. However, it can be seen that the electron flux enhance-
ment appears in the inner belt during the two storms. This
is one of the results which supports that the electron flux en-
hancement is not due to contamination.
From these examinations, we conclude that the present
phenomena of the inner electron flux enhancement, as shown
in Fig. 1, are due to the 300–1100 keV electrons. Hereafter,
we examine the data sets in which the count rate of the 0◦
sensor data have been subtracted from that of the 90◦ sensor,
as shown in Fig. 1b.
3.3 Characteristic of the inner electron flux enhancement
To investigate variations in the electron spectral shape in re-
sponse to magnetic storms, we examined the variability in
electron energy spectra at L=2 during these moderate mag-
netic storms. Figure 3 shows energy spectra on the DOY 217,
where the vertical axis represents the logarithm of the flux
and the horizontal axis, the particle energy. The numbers
alongside the figures correspond to the time shown by the
arrows in Fig. 1b. The spectrum changed from soft to hard
during the main phase of the storm (from Spectrum 1 to 2),
corresponding to the electron flux enhancement, as shown
in Fig. 1. After this enhancement, the spectra in the storm
recovery phase (Spectrum 3, 4) turned again to soft, as in
the initial phase (Spectrum 1). This suggests that the higher
energy component of the electron flux in the inner belt in-
creased more than the lower energy component during the
main phase.
The statistical behavior of the electron flux enhancement
in the inner belt during small and moderate magnetic storms
was studied by means of the superposed epoch analysis. We
selected 32 moderate storms that involved electron flux en-
hancement events in the inner belt during the period from
1989 to 1998. We used the data from the NOAA 10 and
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Fig. 4. Superposed electron flux (300–1100 keV), and Dst index for
32 storms. The zero epoch is taken to be the time of the minimum
Dst value. (a) 2-h-averaged electron flux at the dusk side. (b) 2-
h-averaged electron flux at the dawn side. (c) the superposed Dst
index.
NOAA 12 satellites during the period from 1989 to 1991
and from 1992 to 1998. Here, we define small and mod-
erate storms to be those in which the minimum Dst ranged
between−100 and−30 nT. The zero epoch is taken to be the
time of the minimum Dst value. The result of the analysis
is shown in Fig. 4, where Figs. 4a and b show L-t diagrams
of the superposed 2-h-averaged flux variation from the 90◦
sensor at the dusk and dawn sides, respectively. From these
figures it can be seen that inner belt electrons around L∼2.2
increase during the main phase (∼−0.4 day) by about one or-
der of magnitude, whereas the flux of the outer belt decreases
significantly. The duration of the enhancement was found to
be about 1 day from this analysis. The analysis also showed
a local time dependence: The enhancement in the flux at the
dusk side was found to be greater than that at the dawn side.
This local time asymmetry suggests that the phenomena are
related to local processes. Our statistical study also indicated
that the magnitude of the flux enhancement did not correlate
with the minimum Dst (not shown).
Another interesting point to note here is that the flux en-
hancement was observed at lower L values than for the typi-
cal inner belt positions observed by NOAA. A typical exam-
ple shown in Fig. 5 illustrates the electron flux variation from
the 157 to 163 days of year 1992. The inner belt is faint but
can be steadily observed before the storm in the region from
L=2 to L=2.5. Just as the main phase of the storm begins on
DOY 308, the inner belt flux enhancement was observed at a
region having a lower L (L∼2) value than usual. The same














































Fig. 5. (a) L-t diagram of electron flux variations in the radiation
belt from the 157 to 163 days of 1992. (b) The Kp index. (c) The
Dst index.
3.4 Possible mechanisms for the enhancement of inner belt
electrons
One of possible mechanism explaining the inner belt flux en-
hancement during a magnetic storm is radial diffusion (Gu-
sev et al., 1995), a process by which particles diffuse from
a region of higher phase-space density region to a lower
one. The electron flux enhancement event investigated in
this study, however, did not exhibit a corresponding trans-
port from the outer belt to the inner belt across the slot re-
gion, as shown in Fig. 1, and Fig. 4. Loto’aniu et al. (2006)
estimated the time scale of radial diffusion for energetic elec-
trons for the case of the 2003 Halloween storm. Their results
were consistent with the diffusion time scales of 12 h over
L=2.1–3.3 observed by SAMPEX during the storm. The dif-
fusion time scale for the case of small to moderate storms
mentioned in the present study would be longer compared to
the great storm because the radial diffusion coefficients de-
pend on magnetic activity (e.g. Brautigam and Albert, 2000).
However, the inner electron flux enhancement event occurred
within 12 h from the start (beginning of the main phase) of
the small or moderate storms. Thus, we can conclude that
this electron flux enhancement is not caused by the radial
diffusion process from the outer belt.
Another possible mechanism for the present phenomenon
would be pitch-angle scattering of the trapped electrons by
wave-particle interactions at the magnetic equator. The ev-
idence of precipitation for energetic electrons (∼ several
tens of keV) are observed at low altitude (e.g. Inan et al.,
1984). Imhof et al. (1983) showed that such precipitations
are caused by VLF signals during the quiet time. To exam-
ine this process, we should first investigate the existence of
waves that can interact with the electrons during magnetic
storms in the inner magnetosphere. Meredith et al. (2004)
Ann. Geophys., 25, 1359–1364, 2007 www.ann-geophys.net/25/1359/2007/
H. Tadokoro et al.: Electron flux enhancement in the inner radiation belt 1363
showed that plasmaspheric hiss emissions during substorm
activity distribute mainly in the dayside. Enhanced plasmas-
pheric hiss or other waves could be a possible candidate for
the cause of pitch-angle scattering in the inner belt. In the
near future, we plan to clarify such a relationship between
the generation of whistler mode waves and the response of
the inner radiation belt electrons during magnetic storms.
4 Summary
We have examined electron (300–1100 keV) flux enhance-
ments in the inner belt during small to moderate magnetic
storms. Our results show that the NOAA observed electron
flux enhancement in the inner belt is not due to the contam-
ination from other energetic particles in small and moder-
ate magnetic storms. The enhancement of electron flux also
showed characteristics that were different from those in the
outer belt. The results are summarized as follows:
1. The flux of inner belt electrons increases by over one
order of magnitude during the main phase of magnetic
storms. This is a contrary variation to the outer belt.
2. The duration of such electron flux enhancements is ap-
proximately 1 day.
3. During the event, the electron flux shows spectral hard-
ening.
4. There is a local time dependence on the flux enhance-
ment.
5. The flux enhancement appears at lower L (∼2) values
than the typical inner belt positions (L∼2.2) observed
by NOAA.
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